Introduction
Bacteriochlorophyll c (BChl c) is similar to BChls d and e, all three being found in chlorosomes, the light-harvesting antennae of photosynthetic bacteria of the phylum Chlorobi, some Chloroflexi, and the only one known Acidobacteria species.
1,2 BChls c, d
and e in chlorosomes are self-assembled into aggregates without any protein scaffold. The close proximity of BChl molecules in the aggregate leads to strong exciton coupling and consequently to a red shift of the Q y absorption band compared to the monomer. The aggregates form curved layers which are arranged in lamellar structures by a hydrophobic interaction between esterifying alcohols from neighboring layers. [3] [4] [5] [6] Tubular models also abound in the literature. 1, 6, 7 Carotenoids and quinones are present in the chlorosomes as well, and located in the hydrophobic space between the lamellar layers. 8 Such an arrangement ensures a close contact between these molecules and BChls without affecting excitonic coupling between BChls. Carotenoids serve for light-harvesting and photoprotective functions while quinones are involved in the protective excitation quenching in the presence of oxygen. 1 The orderly arrangement of pigments in domains inside the chlorosomes allows for efficient lightharvesting and excitation energy transfer. 6, 9 In addition, aggregation increases the stability against photodegradation compared to monomeric BChls. 10 The ability of BChls c, d and e to self-assemble and their high light-harvesting efficiency make the BChl aggregates a promising material for artificial light-harvesting antennae. 11, 12 Both chlorosomal pigments and their synthetic analogs are intensively studied in this respect. [12] [13] [14] [15] [16] [17] [18] [19] [20] BChl c forms aggregates in organic nonpolar solvents and also in aqueous environments. In the latter case, addition of a suitable nonpolar compound is necessary to induce the aggregation. Other constituents of the chlorosomes, e.g. lipids, carotenoids and quinones, were shown to induce such aggregation in vitro. [21] [22] [23] Each of these additional components also affects the properties of the formed complexes in a distinctive way. This ability can be used to prepare artificial complexes with tailored properties. For instance, if the aggregation is induced by pigment molecules absorbing light at the wavelengths where the BChl c aggregates absorb poorly, it is possible to prepare artificial light-harvesting complexes with extended spectral coverage compared to pure BChl aggregates. 24 In order to prepare an antenna combining BChls with another molecule, it is necessary to understand the nature of the involved interactions. The aggregation in the polar environment of the aqueous buffers is driven by a hydrophobic effect. 22, 25 In addition, it has been suggested that p-p or CH-p interactions play an important role in maintaining the close contact between carotenoids and BChls required for efficient energy transfer and photoprotection. 26, 27 To further investigate the role of the above-mentioned interactions in the co-aggregation with BChl c, we have studied the aggregationinducing properties of several azulene derivatives which have different substituents, a conjugated phenyl ring and/or hydrophobic side chains. Azulene ( Fig. 1 ) is an aromatic 10 p conjugated molecule related to naphthalene. It consists of fused cyclopentadiene and cycloheptatriene rings. Its skeleton is naturally found in some mushrooms and plants. [28] [29] [30] It is a textbook example of a compound violating Kasha's rule and exhibiting fluorescence from the S 2 state. 31 Azulene and its derivatives represent the first group of chromophores not found in chlorosomes, for which the ability to induce BChl c aggregation was investigated.
Use of the series of derivatives differing in their side groups was instrumental in distinguishing between the role of the hydrophobicity, which is important for induction of BChl c aggregation, and the role of the p-p interactions, which seems to be critical for efficient transfer of excitation energy absorbed by azulenes to BChls. The derivatives containing a conjugated phenyl ring effectively extended the spectral coverage of the final assemblies into the near UV spectral region.
Experimental methods
Azulene was purchased from Sigma-Aldrich (99%, A97203) and its three derivatives were synthesized by using Hafner's condensation of pyrylium salts 32, 33 with the sodium salt of cyclopentadiene (Scheme 1). 34 Full experimental details are presented in the ESI. † For the numbering of pigments used within this work, see Fig. 1 . The hydrophobicity of the azulenes was calculated as log P defined here as the partition coefficient between octanol and water using Molinspiration software (www.molinspiration.com).
The optimized geometry of the azulene molecules was determined by quantum chemical calculation using the B3PW91 functional and the 6-31G* basis set within the Gaussian 09 software. 35 The optical spectra were calculated by several methods based on both molecular orbital (MO) formalism and the density functional theory (DFT) method (see ESI †). The most successful approach, the results of which are presented here, was the TDDFT/o-B97-XD functional with aug-cc-pVDZ basis sets as implemented in a Gaussian programme package. 35 Analysis of transition integrals between the corresponding molecular orbitals was performed using Molpro 2012.1 MATROP -matrix operation utility. 36, 37 Extinction coefficients of azulene and its derivatives were determined from absorption spectra. An amount of pigment between 1 and 5 mg was weighed and then dissolved in tetrahydrofuran (THF) in a 5 ml volumetric flask. This stock solution was diluted in a defined way and the absorbance at the absorption maximum in a 1 cm cuvette was determined using a Specord 250 spectrophotometer (Analytik Jena). Extinction coefficients were calculated from at least 10 samples according to the Lambert-Beer law.
BChl c was isolated from the whole cells of Chlorobaculum (Cba.) tepidum and purified by HPLC as described before 22 with the following modifications: an Eclipse XDB-C18 column has been used and the mobile phase and the flow rate were, respectively, 100% methanol, 1.5 ml min À1 during the first 25 minutes and 80% methanol and 20% n-hexane, 2 ml min
À1
for the next 15 minutes. All four well-resolved main BChl c homologues found in Cba. tepidum were then combined together to imitate the natural distribution of BChl c in chlorosomes.
Self assembly experiments were performed in the following way. First, stock solutions of chromophores were prepared. BChl c was dissolved in methanol and its concentration was determined using an extinction coefficient of 70 mM À1 cm À1 at the Q y maximum. 38 Azulene was dissolved in THF and the extinction coefficient determined in this study was used to adjust the concentration. The stock solutions were mixed together to reach the required molar ratio and rapidly injected into 3 ml of stirred 50 mM Tris-HCl buffer, pH 8.0. The amount of injected organic solvents did not exceed 1% (v/v). The final concentration of BChl c was approximately 20 mM in all samples. Molar ratios of the azulene derivatives to BChl c ranged from 0.01 : 1 to 2 : 1. Aggregate formation was evaluated from the red shift of the BChl c Q y absorption band. Absorption spectra were measured immediately after preparation and after three days, when the aggregates were fully developed. It should be noted that the reported molar ratios were determined for initial mixtures. It is possible that a small fraction of the azulene molecules was not incorporated into the BChl c aggregates and precipitated in the buffer. Energy transfer from azulenes to BChl c was examined by means of steady-state fluorescence spectroscopy. Fluorescence View Article Online excitation spectra were recorded on a FluoroMax-2 fluorescence spectrometer (Jobin Yvon Spex). A 715 nm cut-off filter (Roper Scientific) was used to attenuate the stray light contribution and eliminate the emission of azulene as well as the transmission of the second order of the excitation light. The excitation spectra were corrected for the wavelength dependence of the excitation light intensity as described previously. 39 Fluorescence spectra were recorded at least three days after the preparation of aggregates in order to have fully developed samples. The molar ratios of azulene to BChl c in aggregates for excitation spectra measurement ranged from 0.3 : 1 to 2 : 1, and absorbance of the sample was less than 0.2 in the BChl c Q y maximum to minimize the effect of re-absorption or self-quenching. Excitation energy transfer efficiency was determined from a comparison of absorption (1 À T) and fluorescence excitation spectra. Since aggregate formation generally increases light scattering, absorption spectra used for comparison with the excitation spectra were corrected for the scattering using the method of Latimer and Eubanks. 40, 41 3. Results
Extinction coefficient of azulenes
Fig . 2 shows the absorption spectra of the four azulenes used in this work. The spectra show a weak S 0 -S 1 transition between 500 and 650 nm, and a S 0 -S 2 transition at around 340 nm for azulene A1, at 350 nm for A2 and at approximately 370 nm for the A3 and A4 derivatives. The strongest S 0 -S 3 transition is at 276 nm for azulene A1, at 287 nm for A2 and at approximately 300 nm for derivatives A3 and A4. The absorption maxima of azulenes A3 and A4 which possess the 6-phenyl ring, are thus more red shifted. This is an unexpected observation, since the conjugated system of the phenyl ring is partially decoupled from the conjugated system of azulene: the geometry optimization of azulene A3 shows that the plane of the 6-phenyl ring forms a dihedral angle of B501 with the plane of the azulene moiety (Fig. 1C) . The appendage of the optically transparent hydrocarbon chains (A3 -A4) leads to a much less pronounced red shift (from 300 nm to 304 nm at the main absorption band). The spectra of A3 and A4 exhibit a similar shape, which further indicates that the side chains do not affect the absorption properties of the molecules significantly. Upon increasing the number of carbon atoms in side chains the vibrational fine structure of the bands becomes less resolved, most probably due to conformational averaging ( Fig. 2) . Extinction coefficients of azulene and its derivatives in THF determined from absorption measurements are summarized in Table 1 .
Calculations of the azulene spectra
The observed changes in extinction coefficients between the azulene derivatives are rather difficult to understand, considering that the conjugated backbone seems to be very similar in all explored molecules. To shed light on the quantum mechanical basis for these differences, electronic spectra were calculated using several methods based on both MO formalism and DFT.
The order of the states and their oscillator strengths roughly agree with experiment only when calculated using ''long range corrected density functionals'' (in our case TDDFT/o-B97-XD and CAM-B3LYP functional methods 42, 43 ) except that these methods include one additional state with a very small oscillator strength. To be consistent with the convention used for azulenes in the literature where S 2 is used for the state from which fluorescence occurs 31, 44 and S 3 for the state with the maximal oscillator strength, 45 we denote the transition with a negligible oscillator strength obtained from calculations as S 0 -S x . More importantly, the obtained results quantitatively correctly describe the experimentally observed differences between the intensity of the strongest transition S 0 -S 3 ( Table 2 ). Its oscillator strength is comparable for azulenes A1 and A3, but reduced approximately to one half for A2. The oscillator strength of this transition for azulene A4 is lower than that of A3. The difference between intensities of the S 0 -S 3 transition for azulenes A1 and A2 is even in a good quantitative agreement. In addition, the results obtained for azulene A1 agree well with previous studies 46, 47 and the minor differences are most probably caused by the different basis sets used. Because geometry optimization and electronic spectra calculation of the whole A4 molecule are computationally very demanding, the C15 aliphatic chains were replaced with ethyl, propyl, and butyl groups in order to examine the effect of the side chain length on the electronic spectra. The calculations revealed that the length of the side chain has almost no effect on the transition energies, but does have a small influence on the oscillator strengths. The calculated transition energies of A3 and A4 are thus very similar, in agreement with the experimental data ( Table 2 ). Calculations where THF was included as an implicit solvent exhibit similar trends.
To gain a better understanding of the observed differences in extinction coefficients, the role of different molecular orbitals in the main electronic transitions was analyzed. Generally, the HOMO -LUMO excitation dominates in the S 0 -S 1 transition, however, its intensity is low. Next transition (between 310 and 350 nm) corresponds almost equally to HOMO À 1 -LUMO and HOMO -LUMO + 1 excitations and its intensity is close to a dark state. DFT calculations further predict that the third transition is predominately represented by the HOMO À 1 -LUMO + 1 excitation. Its energy was calculated to be around 260-270 nm which is distinctly higher than that of the S 0 -S 1 and S 0 -S x transitions. The most intense spectral line for all of the explored azulenes corresponds to the fourth excited state. Its energy is close to the third transition (within 5-20 nm), but the intensity is more than an order of magnitude higher in comparison with all previous transitions. To explain different intensities of the S 0 -S 3 transition for different azulene derivatives, two effects have to be taken into account: the composition of the excited state and the values of molecular transition integrals hC x |r|C y i. First, the fourth transition is a combined excitation of HOMO À 1 -LUMO and HOMO -LUMO + 1, similarly to the second transition. However, detailed analysis of the transition integrals between the corresponding MOs revealed that the hHOMO À 1|r|LUMOi and hHOMO|r|LUMO + 1i integrals add up. This is in contrast to the second transition, in which the hHOMO À 1|r|LUMOi and hHOMO|r|LUMO + 1i integrals cancel each other. The second effect is connected with the fact that for A2 the S 0 -S 3 transition contains some additional non-negligible admixtures of the hHOMO À x|r|LUMO + yi type (where at least one of x, y 4 1) with low integral values. Consequently the weights of the hHOMO À 1|r|LUMOi and hHOMO|r|LUMO + 1i integrals are decreased reducing the final transition intensity of this transition to approximately one-half of the value for A1.
Solubility of azulenes in water
It was proposed that the aggregation of BChl molecules in an aqueous environment is driven by the hydrophobic effect, and therefore the hydrophobicity of the aggregation-inducing molecule is expected to be an important parameter. The calculated hydrophobicities of azulenes A1-A4 are listed in Table 1 . As can be expected already from the chemical structure of the molecules, the hydrophobicity increases from A1 through A2 and A3 to A4. This order was further confirmed by reverse phase HPLC chromatography and also by calculation of the solubility of azulenes in water (not shown). In agreement with all these estimates, we could observe that azulene A1 is partly soluble in water. Its solubility was previously determined to be 0.02 g l À1 (ref. 48) , which corresponds to a 160 mM solution. The concentration of azulene A1 used for self-assembly experiments in this work was much lower. We have tested the solubility of all the azulenes in water. In all cases, the amount of azulene which corresponded to an intended final concentration of about 40 mM was injected into 3 ml of buffer. Absorption spectra were recorded after preparation and after three days to determine the degree of precipitation of azulene derivatives. The amount of azulenes in buffer decreased from A1 to A4. Azulene A1 remained dissolved in its original concentration, while azulenes A2, A3 and A4 precipitated to concentration of B20 mM, B10 mM and B3 mM, respectively. The concentration was determined using the same extinction coefficient as in THF.
Self-assembly experiments
BChl c is partly soluble in water where it develops into a form whose absorption spectrum resembles that determined for an antiparallel dimer in dichlormethane. 49 The Q y absorption maximum of this form is between 710 and 715 nm and we denote it as a dimer in this work. We use the term aggregate for assemblies in which the Q y band is distinctively red shifted above 715 nm. The ability of all azulenes to induce aggregation of BChl c was examined by measuring steady-state absorption spectra upon mixing with an increasing concentration of azulene or its derivatives. 
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The concentrations of azulene derivatives necessary to induce a red shift of the BChl c Q y band above 715 nm were then compared. If the aggregation is driven by the hydrophobic effect, as previously proposed, the aggregation inducing ability should increase from A1 through A2 and A3 to A4. This is exactly what we have observed. The results are summarized in Fig. 3 . Azulene A1 was used in concentrations at which it is fully soluble in water (o40 mM) and was not able to induce any aggregation even at the highest used molar ratio of A1 to BChl c (2 : 1). The maximum of the BChl c Q y band in the sample containing azulene A1 and BChl c in a molar ratio of 2 : 1 was found to be at B715 nm. The increase in the amount of azulene in the sample can be monitored by the intensity of the azulene absorption between 250 and 400 nm. The total absorption spectrum thus most probably represents just a sum of spectra of azulene A1 and BChl c dissolved in buffer. Azulene A2 induces aggregation only at the highest tested molar ratio of azulene to BChl c. For a molar ratio of azulene A2 to BChl c of 1 : 1 the Q y maximum was observed at B719 nm, while for the molar ratio of 2 : 1, the Q y band shifted to B730 nm. This shift has to be caused by the interaction of BChl c species with azulene A2. The aggregation-inducing ability, however, improves significantly upon appending the 6-phenyl ring. Very similar results were obtained from experiments with both A3 and A4. Fig. 3C shows the absorption of BChl c upon mixing with azulene A4. Addition of A4 to the sample leads to a significant red shift of the BChl c Q y band, indicating pronounced aggregation of BChl c. The red shift increases with an increase of azulene concentration in the sample, which can be again monitored by the intensity of the azulene bands between 250 and 400 nm. The Soret band of BChl c is also affected by the aggregation, but to a lesser degree. The molar ratio between azulene A4 and BChl c required to obtain the Q y band at a longer wavelength than 715 nm is about 0.1 : 1. The Q y band position of samples with the molar ratio of 0.1 : 1 was at B710 nm after preparation, but it shifted to B720 nm after aggregates fully developed within three days. The maximal red shift of B745 nm was observed for the highest molar ratio used (2 : 1). Azulene A3, which lacks the long hydrocarbon chains, was only slightly less efficient in inducing the aggregation of BChl c. The molar ratio of A3 to BChl c required to induce a red-shift up to 715 nm is 0.2 : 1. The maximal red shift of the BChl c Q y band was similar to azulene A4 at B745 nm and observed for the molar ratio of 2 : 1.
We can conclude that the absorption of azulene A1 observed in Fig. 3A after three days comes from the pigment dissolved in buffer. On the other hand, samples where azulenes A2-A4 induced aggregation of BChl c exhibit substantially higher intensity of azulene absorption than what corresponds to their solubility in water, and the azulenes do not precipitate. Quantitative estimation of the azulene concentration embedded in the aggregate structure is difficult due to the contribution of BChl c absorption and light-scattering at a given wavelength, and the necessity to use the extinction coefficient of azulene determined in THF. Nevertheless reasonable estimates were obtained. For instance, concentration of azulene A4 in the sample prepared from a mixture of this azulene and BChl c in a molar ratio of 2 : 1 was B20 mM, i.e. 6-7 times higher than its solubility. This fact certainly means that the hydrophobic interaction leading to the aggregate formation leads also to incorporation of the azulene molecules within the aggregate structure. In addition, the absorption spectra of the red shifted BChl-azulene assemblies exhibit substantially larger scattering contribution which indicates that the aggregation leads to formation of much larger particles than the dimers as can be seen in Fig. 3C for azulene A4. Similar results were also observed for azulene A3 (not shown). This is in contrast to what we observed for azulene A1 where any significant contribution of the scattering was absent (Fig. 3A) .
Excitation energy transfer from azulenes to BChl c
Steady-state fluorescence excitation spectroscopy was used to check whether the excitation energy can be transferred from the incorporated azulenes to BChl c. The fluorescence quantum yield of BChl c aggregates is certainly lower than that of the monomers, and thus does not represent the aggregate induced fluorescence, a phenomenon described and recently explained by Tang and coworkers. 50 However, the quantum yield was high enough to allow determination of the energy transfer efficiency with a sufficient accuracy. Excitation spectra were recorded for samples with an azulene-to-BChl c ratio of at least 0.3 : 1. For lower azulene-to-BChl c ratios, the contribution of azulenes to the absorption spectrum was too weak to allow an accurate determination of the efficiency. The excitation spectra were detected close to the maximum of BChl c emission (755 to 780 nm depending on the aggregation state of BChl c). The emission of azulene with a maximum at B420 nm (not shown) was eliminated using a cut-off filter. All measured excitation spectra exhibit spectral features of BChl c in the same proportions as in the absorption spectra which indicates that internal conversion and vibrational relaxation within BChl c occurs with close to 100% efficiency, as expected. In addition, the main absorption peak of azulene at B300 nm is discernible in the spectra from samples containing azulene A3 or A4, although its intensity does not correspond to that observed in the (1 À T) absorption spectra (Fig. 4) . This means that only a part of the energy absorbed by azulene is transferred to BChl c. To determine the extent of the transferred energy, the excitation spectra were compared with absorption (1 À T) spectra of the sample as a reference for 100% efficiency. 51, 52 The efficiency of energy transfer was determined by comparing the intensity of 1 À T and fluorescence excitation spectra at B260 nm, where the absorption of azulene is negligible, and near B300 nm, where it is maximal. The estimated energy transfer efficiencies vary with the concentration of the azulene in the sample. For both azulenes A3 and A4 the highest efficiency was determined for aggregates with an azulene to BChl c molar ratio of around 1 : 1 (B50% for A3 and B60% for A4). In aggregates with a higher molar ratio of azulene, the energy transfer efficiency approximately linearly decreases (B40% efficiency for a molar ratio of azulene A4 to BChl c of 1.5 : 1; B30% efficiency for a molar ratio of 2 : 1). For a lower A3 or A4 to BChl c ratio (0.3-0.8 : 1) the energy transfer efficiency was estimated to be similar to that observed for 0.8-1.0 : 1 concentration.
In contrast, the excitation spectra recorded for mixtures of BChl c with azulenes A1 and A2 did not reproduce any features of the azulene absorption. Most importantly, no sign of energy transfer was observed even for those samples where the concentration of azulene A2 was high enough to induce aggregation of BChl c (Fig. 4A) . Thus, it can be safely concluded that these pigments do not transfer their excitation energy to BChl c molecules even if they are incorporated in the aggregate structure.
Discussion
Self-assembly of chlorosomal BChls in aqueous environments induced by other nonpolar molecules naturally found in chlorosomes (lipids, carotenoids, quinones) has been well studied before. 12, [21] [22] [23] These authors established that the hydrophobic interaction between the esterifying alcohols is not strong enough to drive the aggregation of BChl c molecules in aqueous environments. However, a nonpolar compound which is not View Article Online soluble in water, but is soluble in a solvent miscible with water may induce aggregation. This is in contrast to the situation in nonpolar solvents, like hexane, where the hydrophilic interaction between the polar chlorin rings drives the interaction without the need for any additional molecule. To further characterize the properties of a molecule necessary to induce aggregation of BChl c in aqueous environments, we have chosen to investigate azulene and its three derivatives studied in this work. Neither azulene nor its derivatives are found in chlorosomes, however, their easy synthesis via the pyrylium route and versatility in modification of the structure and properties make them a valuable model system. The results show that an increase in hydrophobicity of the azulene molecule increases its ability to induce aggregation. Azulene A1 is partly soluble in water and is not able to induce aggregation even at the highest concentration used. On the other hand, both azulenes with a phenyl ring (A3 and A4) induce aggregation with a similar efficiency, with A4 being only slightly more efficient. This is interesting, because originally we assumed that the presence of long hydrophobic chains of A4 is required for aggregation induction. However, the hydrophobicity required to induce aggregation is clearly achieved already for azulene A3, and the effect of the additional hydrophobic side chains (A4 vs. A3) is rather weak although still discernible. These results prove that a certain hydrophobicity of the co-aggregating molecule is sufficient to induce aggregation, regardless of whether it is reached by incorporation of nonpolar chains or not.
Importantly, the results also show that even if the hydrophobicity of the chromophore molecules is high enough to induce aggregation of BChls, it does not necessarily ensure that the energy absorbed by a molecule incorporated in the aggregate will be transferred efficiently to BChls. This was observed for azulene A2, which is able to induce aggregation if the molar ratio of A2 to BChl c is larger than 1 : 1, but even in this case we did not observe any energy transfer from azulene A2 to BChl c. In contrast, both A3 and A4 are able to transfer the absorbed excitation energy rather efficiently to BChl c molecules. Consequently, these two azulene derivatives extend the spectral coverage of the prepared assemblies into the near UV region (200-350 nm). The observed energy transfer, together with the aggregation inducing ability of these two azulene derivatives, is an indication of a strong interaction between azulene and BChl c molecules. This inference is further justified by the fact that azulenes A3 and A4 have very low solubility in water and precipitate in aqueous buffer, but not in assemblies with BChl c. The interaction between azulenes and BChls leading to BChl aggregate formation, and the persistence of azulenes in spectra, strongly indicate that azulenes A3 and A4 are incorporated in the aggregate structure.
The efficiency of ET is approximately constant up to a molar ratio of azulenes A3 and A4 to BChl c of B1 : 1, but then decreases with increasing azulene concentration. This is probably caused by excess of azulene molecules incorporated in the aggregates. Not all azulene molecules are then in close contact with the conjugated system of the BChl molecules and thus they are not able to transfer absorbed energy. Excitation energy transfer from azulene to BChl c occurs most probably from the S 2 state of the azulene molecule to the Soret or Q y band of the BChl c, and not from the S 1 state of azulene to the Q y state of BChl c (Fig. 5) . Internal relaxation from S 2 to S 1 was suggested to be slow due to the small cross section between potential energy curves of extremely separated levels. 31 Therefore energy transfer needs to compete only with a relatively slow fluorescence, which originates also from the S 2 state. 53 Our results imply an important role of the phenyl substituent in efficient energy transfer. The phenyl ring can be involved in p-p interactions between azulene and BChl molecules which may ensure the proximity of pigments required for sufficient interaction and efficient energy transfer. These results are in line with our recently proposed hypothesis concerning BChlcarotenoid interactions in chlorosomes. 27 As there is no protein in the chlorosome interior which would maintain the optimal distance and orientation of the pigments, there must be some other way how self-assembly can ensure this. It was proposed that p-p (or CH-p) interactions between the end-group of a carotenoid and the conjugated system of a BChl molecule are responsible for strong interactions required for observed efficient energy transfer between carotenoids and BChls in chlorosomes. It seems that azulenes without phenyl rings are not capable of such p-p interactions with BChls. Both the cyclopentadiene and cycloheptatriene rings of the azulene molecule are components of the conjugated system that could potentially fit in the space available for interaction with the chlorin rings. 27 However, the azulene A1 exhibits a permanent dipole moment of 1.08 D. 54 To incorporate such a polar moiety is energetically unfavorable. In contrast, the phenyl group of azulenes A3 and A4 is well suited for p-p interactions with the conjugated system of the BChl molecule (Fig. 6) . We propose that the interaction between azulene and BChl molecules does not alter the hydrogen bonding pattern between the BChl molecules forming the aggregates. Instead, the phenyl ring is interacting with the part of the conjugated system of the BChl molecule, which is accessible from the side of the BChl layers. The proposed arrangement ensures a close interaction between azulene and BChl molecules required to explain the observed energy transfer without disrupting the excitonic coupling between BChls. Azulene A2, which induces aggregation at higher concentration but does not transfer energy, is probably also located in the hydrophobic space formed by esterifying alcohols of BChls from the two neighboring chlorin layers, but without any close interaction with the chlorin ring. Further study including quantum mechanical calculation and molecular modeling is required to verify or disprove this hypothesis, and is now underway. In summary, this is the first study on incorporation of fully synthetic pigments with a spectral coverage different from the pure chlorosomal BChl. It proves the functional construct, where in certain cases efficient excitation energy transfer occurs, and paves the way for applications in biomimetic dye aggregate solar cells. 55 
Conclusions
Results of co-aggregation experiments of BChl c with azulene and three of its 4,6,8-trisubstituted derivatives provide further insight into the principles of self-assembly of BChl aggregates. They revealed that p-p interactions mediated via the phenyl ring are important for the efficient energy transfer to BChl c, and confirmed that a certain hydrophobicity of the molecule is required for the aggregation inducing ability of the admixed molecules, in this work azulenes. Once the aggregates are formed, the azulenes remain incorporated in the finally formed structures. Azulenes A3 and A4 are able to induce aggregation of BChl c molecules and transfer the excitation energy absorbed between 220 and 350 nm to BChl c. The formed complexes thus represent an artificial light-harvesting antenna with the spectral coverage extended into the near UV region compared to pure BChl c aggregates. This study may open the way to light-harvesting devices with tailored properties. View Article Online
